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Abstract

Oxygen binding by hemoglobin fixed in the T state either by crystallization or by encapsulation in silica gels is
apparently noncooperative. However, cooperativity might be masked by different oxygen affinities ofa andb subunits.
Metal hybrid hemoglobins, where the noniron metal does not bind oxygen, provide the opportunity to determine the
oxygen affinities ofa andb hemes separately. Previous studies have characterized the oxygen binding bya~Ni21!2b~Fe21!2
crystals. Here, we have determined the three-dimensional~3D! structure and oxygen binding ofa~Fe21!2b~Ni21!2

crystals grown from polyethylene glycol solutions. Polarized absorption spectra were recorded at different oxygen
pressures with light polarized parallel either to theb or c crystal axis by single crystal microspectrophotometry. The
oxygen pressures at 50% saturation~p50s! are 956 3 and 876 4 Torr along theb andc crystal axes, respectively, and
the corresponding Hill coefficients are 0.966 0.06 and 0.906 0.03. Analysis of the binding curves, taking into account
the different projections of thea hemes along the optical directions, indicates that the oxygen affinity ofa1 hemes is
1.3-fold lower thana2 hemes. Inspection of the 3D structure suggests that this inequivalence may arise from packing
interactions of the Hb tetramer within the monoclinic crystal lattice. A similar inequivalence was found for theb
subunits ofa~Ni21!2b~Fe21!2 crystals. The average oxygen affinity of thea subunits~p505 91 Torr! is about 1.2-fold
higher than theb subunits~p505 110 Torr!. In the absence of cooperativity, this heterogeneity yields an oxygen binding
curve of Hb A with a Hill coefficient of 0.999. Since the binding curves of Hb A crystals exhibit a Hill coefficient very
close to unity, these findings indicate that oxygen binding by T-state hemoglobin is noncooperative, in keeping with the
Monod, Wyman, and Changeux model.
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Several models have been proposed over the years to explain co-
operative oxygen binding by hemoglobin~Hb!: the Monod, Wy-
man, and Changeux model~MWC! ~Monod et al., 1965!, the
Pauling model~Pauling, 1935!, later expanded by Koshland, Nem-
ethy, and Filmer~KNF! ~Koshland et al., 1966!, the stereochem-
ical mechanism of Perutz~1970! and the symmetry rules of Ackers
et al.~1992!. A critical difference among these models is the degree
of cooperativity of the T quaternary state and, therefore, the extent
of signal communication between hemes. Whereas the MWC model
predicts that oxygen binds to both the T and R state noncoopera-
tively and that, therefore, there is no direct heme–heme interaction,

the Pauling–KNF model predicts that oxygen binding to a heme
affects both the structure and the affinity of the adjacent subunits.
The original stereochemical mechanism of Perutz~1970! focused
on the role of salt bridges in the stabilization of a low-affinity T
state and in the origin of the Bohr effect. The structural mechanism
was fully in agreement with the essential features of the MWC
model. Tertiary conformational changes that occur upon oxygen
binding within a subunit do not propagate through either thea1-b2

or thea2-b1 interfaces, and there are only two quaternary states.
However, in later formulations of his model, Perutz seemed to
accept the idea of intersubunit signals~Perutz, 1989; Perutz et al.,
1998!. Recent X-ray diffraction data on fully oxygenated hemo-
globin were interpreted as evidence of such heme–heme inter-
action~Paoli et al., 1996!. Ackers et al.~1992! found that the free
energy distribution of the intermediate species formed using cya-
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nomet hybrids and some metal-hybrid hemoglobins deviates sig-
nificantly from the predictions of the MWC model~Ackers et al.,
1992; Ackers, 1998!. To account for these deviations, a model was
proposed that requires ligand binding to the T state to be cooper-
ative. The degree of cooperativity strongly depends on the tetra-
meric hemoglobin used to mimic intermediate states of oxygenation.
However, careful studies~Shibayama et al., 1997, 1998! have dem-
onstrated that key results of Ackers’s work are affected by valency
exchange between deoxy and cyanomethemes. Furthermore, the
values of cooperative free energies of the tetramer–dimer dissoci-
ation at different degrees of ligation~Ackers, 1998! indicated that
the intradimer cooperativity upon oxygen binding is very small
compared to that arising from the quaternary transition~Eaton
et al., 1999!. In a recent analysis, it was concluded that both
thermodynamic and kinetic data of ligand binding to hemoglobin
are well explained by the MWC model~Eaton et al., 1999!. A
critical test of the model was the determination of the degree of
cooperativity of oxygen binding by the T quaternary state of Hb. A
T-state Hb that does not switch to the R state upon exposure to
oxygen can be obtained either by crystallization from polyethylene
glycol ~PEG! solutions~Brzozowski et al., 1984; Mozzarelli et al.,
1991!, by deoxyHb encapsulation in silica gels~Shibayama &
Saigo, 1995; Bettati & Mozzarelli, 1997! or by the substitution of
the ferrous iron with nonoxygen binding metal ions, such as nickel
~Shibayama et al., 1986a, 1986b!. Oxygen binding curves for T-state
hemoglobin in the crystalline state as well as in the gel were
characterized by a Hill coefficient close to unity, in spite of sig-
nificant differences in oxygen affinities and Bohr effect~Rivetti
et al., 1993a; Shibayama & Saigo, 1995; Bettati & Mozzarelli,
1997; Mozzarelli et al., 1997!. However, a Hill coefficient of unity
could occur in the presence of cooperativity that is compensated,
and therefore masked, by the inequivalence of the oxygen affinities
of thea andb subunits~Rivetti et al., 1993a; Eaton et al., 1999!.
Rivetti et al. ~1993a! calculated that thea subunits bind oxygen
with an affinity four- to fivefold higher than theb subunits. Con-
sequently, the estimated cooperative free energy of binding within
the T quaternary state was;10% of the overall cooperative bind-
ing free energy, as measured by the difference in binding free
energy of the first and fourth oxygen molecules. The calculations
were based on the different projections ofa andb hemes along the
crystal axes derived from the three-dimensional~3D! structure of
the unliganded and liganded Hb. At that time, the structure of the
fully oxygenated Hb was not available and was obtained by com-
bining the structure of thea-oxyHb ~Liddington et al., 1988, 1992!
with that of thea~Ni21!2b~Fe21CO!2 ~Luisi et al., 1990!. Re-
cently, by using oxygen binding curves of Hb in the presence of
inositol hexaphosphate and the corresponding structures of the
deoxygenated and fully oxygenated Hb in the presence of the
allosteric effector~Paoli et al., 1996!, the calculatedab inequiva-
lence was found to be 2.5~Mozzarelli et al., 1997!. To experimen-
tally determine the difference of oxygen affinity between thea and
b subunits, an investigation ofa~Ni21!2b~Fe21!2 crystals, where
Ni-containing hemes do not bind oxygen, was carried out~Bettati
et al., 1996!. This study indicated that the affinity of theb subunits
was about twofold higher than that previously estimated on the
basis of the calculations, thus indicating that even the small coop-
erativity of T-state Hb might be overestimated~Rivetti et al., 1993a;
Mozzarelli et al., 1997!. Further characterization of theab in-
equivalence of T state Hb requires the determination of oxygen
binding curves fora~Fe21!2b~Ni21!2 crystals as well. Crystals of
a~Fe21!2b~Ni21!2, grown from ammonium sulfate solutions, are

monoclinic and isomorphous to Hb A crystals~Luisi & Shibayama,
1989!. However, hemoglobin function in the crystal~Rivetti et al.,
1993a, 1993b; Kavanaugh et al., 1995; Bettati et al., 1996, 1997,
1998! and the high-resolution structures of unliganded and li-
ganded Hb~Brzozowski et al., 1984; Liddington et al., 1988, 1992;
Paoli et al., 1996! have been determined using crystals grown from
PEG solutions. These crystals are particularly stable and do not
shatter upon oxygenation, in contrast to the behavior of crystals of
hemoglobin grown from high-salt solutions~Haurowitz, 1938!.
For these reasons, in the present work, crystals ofa~Fe21!2b~Ni21!2

from PEG solutions were grown, precise oxygen-binding curves
were measured and the 3D structure of the deoxygenated species
was determined. The results further strengthen the view that T-state
hemoglobin binds oxygen noncooperatively.

Results

Three-dimensional structure of deoxya(Fe21)2b(Ni21)2

Inspection of the electron density maps of the refined model in the
molecular regions that mostly vary in the Tr R transition, hy-
drogen bonds and salt links at thea1b2 anda2b1 interfaces, and
the switch region between the C helix of thea chains and the FG
corner of theb chains, shows that the crystallizeda~Fe21!2b~Ni21!2

is in the T quaternary state. Moreover, inspection of the distal site
region ~Fig. 1! shows that only a weak electron density peak is
present in the neighborhood of thea hemes, at 3.4 Å~average for
the twoa hemes! from the iron atom and, therefore, not coordi-
nated to it. This feature, which was completely absent at the distal
site in theb chains, has been interpreted as a distal-site trapped
water molecule. As in the other IHP-containing structures of
Hb ~Paoli et al., 1996!, no electron density was observed for the
allosteric effector.

A structural overlay of the refined structure with the atomic
coordinates of human deoxyHb A, crystallized and solved at the
same resolution from PEG solutions in an orthorhombic space
group ~Protein Data Bank~PDB! data set 1HGA! ~Liddington
et al., 1992!, shows a strong conservation of the 3D structures in
the two crystal forms~root-mean-square deviation~RMSD! for the
whole tetramer Ca backbone is 0.59 Å!, the largest deviation being
localized at residue Ser D84~1.83 Å!. Similarly, the refined struc-
ture of a~Fe21!2b~Ni21!2 was compared with those of hybrid
Hb crystals grown from high-salt solutions, which display an iden-
tical molecular packing in the P21 monoclinic crystal lattice. If the
complete tetramer structures~570 backbone Ca atoms! are super-
imposed, RMSD values of 0.52 and 0.59 Å are obtained for the
comparisons of deoxya~Fe21!2b~Co21!2 anda~Ni21!2b~FeCO!2,
respectively, with thea~Fe21!2b~Ni21!2 structure reported here.
Table 1 summarizes pairwise structural comparisons for the iso-
lated Hb chains, which underline a substantial structural identity,
within the limits of the experimental error, for the hybrid
Hb structures, both for salt- and PEG-grown crystals. Within this
pattern, the largest structural deviation observed between the
a~Ni21!2b~Fe21!2 ~salt! and thea~Fe21!2b~Ni21!2 ~PEG! 3D
structures occurs in the N-terminal region of theb2 chain, residue
His2 ~2.4 Å!.

Oxygen binding bya(Fe21)2b(Ni21)2 crystals

Polarized absorption spectra were recorded between 0 and 760 Torr
of oxygen at 158C ~Fig. 2!. The strong and oxygen-independent
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contribution of Ni-porphyrin to the spectra leads to relatively lim-
ited spectral changes induced by oxygen binding with respect to
those observed for Hb A. Nevertheless, these changes are larger
than those observed fora~Ni21!2b~Fe21!2 where Ni-porphyrin
absorptions strongly dominate the spectra~Bettati et al., 1996!.
Representative fits of spectra, recorded at different oxygen pres-
sures, to a linear combination of the reference spectra are shown in
Figure 3. The calculated fractional saturations with oxygen and the
fractions of oxidized hemes are reported in Figure 4. The p50s~the
oxygen pressures at half saturation! are 956 3 and 876 4 Torr
along theb andc crystal axes, respectively, indicating that there is
a small inequivalence of oxygen affinity between thea hemes. The
value of p50 calculated by Rivetti et al.~1993a! for a hemes in
Hb A crystals was 80 Torr. The value of p50 determined for theb
hemes ina~Ni21!2b~Fe21!2 crystals was 110 Torr~Bettati et al.,

1996!. The Hill plots ~Fig. 5! exhibit slopes of 0.966 0.06 and
0.90 6 0.03 for theb and c axes, respectively, indicating that
oxygen binding is noncooperative. A Hilln lower than one might
arise from a difference between the oxygen affinities ofa1 anda2

due to different intermolecular contacts of thea subunits within
the crystal lattice~see Discussion!. The projections of heme planes
along the optical axes computed from X-ray structures for the
oxidized and the oxygenated and deoxygenated reduced forms of
a~Fe21!2b~Ni21!2 ~Table 2; Fig. 6! are used in a procedure de-
scribed previously~Rivetti et al., 1993a; Bettati et al., 1996! to
determine the relations between apparent crystal binding curves
and subunit binding curves~Fig. 7!. The observed ratio of oxygen
affinities along theb andc axes is 1.09, consistent with a ratio of
the p50s ofa1 and a2 of 1.30 ~Fig. 7A! and a calculated Hilln
greater than 0.999~Fig. 7B!.

Fig. 1. Electron density map of thea heme ofa~Fe21!2b~Ni21!2. Electron density is contoured at 1.0s. The heme group is shown
edge-on, from the solvent side of the molecule. The distal HisF7 residue is on the right.

Table 1. RMSD values (Å) calculated in structural overlays ofa(Fe21)2b(Ni21)2

structure (crystals grown from PEG) with selected liganded and unliganded Hbsa

Hemoglobin
a Chains

~141 Ca pairs!
b Chains

~144 Ca pairs!
Full tetramer

~570 Ca pairs! PDB file

a~Ni21!2b~Fe21CO!2 0.38~1.40! 0.44~1.14! 0.52~2.37! 1NIH
a~Fe21CO!2b~Ni21!2 0.34~1.50! 0.49~1.47! 0.59~1.73! 1COH
a~Fe21!2b~Fe21!2 0.40~1.68! 0.45~1.31! 0.59~1.83! 1HGA

aValues in parentheses represent the largest atom deviation observed in each structural comparison.
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Inter- and intra-subunit salt bridges are involved in the control of
T-state oxygen affinity as well as in T-state quaternary stabilization
~Perutz, 1970; Sun et al., 1997!. The oxygen affinity of T-state
Hb increases as pH increases~tertiary Bohr effect! ~Lee et al.,
1988!. We have measured the oxygen binding bya~Fe21!2b~Ni21!2

as a function of pH. It was found that the oxygen affinity is pH-
independent~Fig. 8!, as observed for Hb A anda~Ni21!2b~Fe21!2

crystals~Rivetti et al., 1993a; Bettati et al., 1996!. a~Fe21!2b~Ni21!2
binds oxygen noncooperatively in solution, with a pH-dependent
p50 that has a value of;170 Torr at pH 7.5 in the presence of IHP
~Shibayama et al., 1986b!. After temperature correction~Rivetti
et al., 1993a; Bettati et al., 1996, and see below!, the oxygen
affinity determined in solution is the same as in the crystal.

The temperature dependence of the oxygen affinity was mea-
sured between 5 and 208C. From the van’t Hoff plot~Fig. 9!, aDH
of 211.5 6 0.4 kcal0mol was calculated. The value ofDH for
a~Ni21!2b~Fe21!2 crystals was212.1 6 0.8 kcal0mol ~Bettati
et al., 1996! and that for Hb A crystals was213.36 0.8 kcal0mol
~Rivetti et al., 1993a!.

Discussion

Oxygen binding curves of human hemoglobin A crystals exhibit a
Hill coefficient of one both in the absence~Mozzarelli et al., 1991;
Rivetti et al., 1993a! and in the presence of allosteric effectors

Fig. 2. Polarized absorption spectra ofa~Fe21!2b~Ni21!2 Hb crystals as a
function of oxygen pressure. Crystals were suspended in a solution con-
taining 50%~w0v! PEG 1000, 10 mM potassium phosphate, 1 mM IHP,
pH 7, 158C, and equilibrated with decreasing oxygen pressures between
760 and 0 Torr. Polarized absorption spectra were collected with light
linearly polarized parallel to either theb or thec axis.

Fig. 3. Fit of the observed spectra~continuous curves! at different oxygen pressures with a linear combination of oxy, deoxy, and met
reference spectra~dashed lines!. The calculated best-fit spectrum is shown in each panel as the dashed curve that superimposes on the
observed spectrum.
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~Mozzarelli et al., 1997!. The same finding was observed for he-
moglobins modified at thea1b2 subunit interface, Hb Rothschild
~bTrp37Arg! ~Rivetti et al., 1993b!, at thea-subunit carboxy ter-
minus, desArg141a Hb ~Kavanaugh et al., 1995! and at theb-subunit
carboxy terminus, desHis146b Hb ~Bettati et al., 1997! and Hb Cow-
town ~bHis146Leu! ~Bettati et al., 1998!. The oxygen affinities
range from about 10 Torr for the desArg141a Hb ~Kavanaugh
et al., 1995! to 140 Torr for Hb A ~Rivetti et al., 1993a!. The
oxygen affinity of Hb in the crystal is the same in the absence and
in the presence of IHP~Mozzarelli et al., 1997!, indicating that
crystallization has stabilized the lowest oxygen affinity T state.
The same tertiary T state is obtained in solution in the presence of

strong allosteric effectors~Lalezari et al., 1990; Marden et al.,
1990! and in metal hybrids containing magnesium~II ! and zinc
~II ! ~Miyazaki et al., 1999!. Remarkably, the lowest oxygen affin-
ity T state does not exhibit both a Bohr effect and IHP effect in
solution ~Miyazaki et al., 1999! as in the crystal~Rivetti et al.,
1993a; Mozzarelli et al., 1997!. Therefore, crystallization does not
induce the formation of conformations not present in solution, only
stabilizes one conformation over the others. Based on the model
proposed by Rivetti et al.~1993a!, suggesting that there are high
and low oxygen affinity T states associated with broken and un-
broken intersubunit salt bridges, the conformation stabilized in the
crystal is that with intact salt bridges.

Fig. 4. Dependence of the fractional saturation with oxygen~open circles! of reduced hemes and the fraction of oxidized hemes~filled
circles! as a function of oxygen pressure.

Fig. 5. Hill plot of the oxygen binding curves shown in Figure 5. The Hill coefficients and the p50s are 0.966 0.03 and 936 4 Torr,
and 0.896 0.02 and 856 4 Torr along theb andc axes, respectively.
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A special feature of the optical measurements of hemoglobin
crystals is thata andb hemes contribute differently to the polar-
ized absorption spectra recorded along two perpendicular optical
directions. Consequently, oxygen-binding curves measured along
these directions differ to a certain degree reflecting the predomi-
nant projection ofa or b hemes. To deconvolute the oxygen bind-
ing curves of the tetramer into thea andb heme oxygen binding
curves, it is necessary to know the heme orientations in the deox-
ygenated and oxygenated states, and the relative contributions ofa

and b hemes to absorption intensity~Rivetti et al., 1993a!. The
calculated oxygen binding curves ofa andb hemes indicated that
the affinity of thea hemes was four to five times higher than the
b hemes~Rivetti et al., 1993a!. More recently, using a more com-
plete set of structural data~Paoli et al., 1996!, the deconvolution of
the oxygen binding curves of the tetramer into thea andb heme
oxygen binding curves was carried out for Hb A crystals in the
presence of allosteric effectors~Mozzarelli et al., 1997!. These
calculations indicated that thea hemes exhibit an affinity 2.5 times
higher than theb hemes, in good agreement with kinetic~Sawicki
& Gibson, 1977!, nuclear magnetic resonance~Lindstrom & Ho,
1972!, electron paramagnetic resonance~Asakura & Lau, 1978!,
and thermodynamic~Shibayama et al., 1986a, 1986b! measure-
ments on metal-hybrid hemoglobins. In the absence of any coop-
erativity, nonequivalent oxygen binding ofa andb hemes leads to
a Hill coefficient less than one. For example, a value of 0.89 is
estimated for a fourfold affinity difference betweena andb hemes
~Rivetti et al., 1993a!. These findings would imply that oxygen
binding by T-state hemoglobin is characterized by a Hill coeffi-
cient slightly higher than one to result in the experimental value of
unity observed for Hb crystals. On the basis of the calculateda-b
inequivalence, the cooperativity of T state Hb is very low~Moz-
zarelli et al., 1997!. However, this conclusion derives from a cal-
culation ofa andb heme affinities based on small differences in
heme projections.

To experimentally define the oxygen affinity ofa andb hemes,
we have first investigated the oxygen binding bya~Ni21!2b~Fe21!2

crystals~Bettati et al., 1996! and found that the average p50 of the
b subunits is 110 Torr at 158C, a value about twofold smaller than
the value calculated forb hemes~Mozzarelli et al., 1997!. The
p50s of the same hybrid, determined in solution in the absence and
in the presence of PEG, are 71 and 80 Torr, respectively. In the
present study, we have completed the evaluation of the oxygen
affinity of a andb hemes by experimentally determining the p50
of the a hemes. The average value is 91 Torr. This indicates that
thea hemes exhibit an oxygen affinity only about 1.2 times higher
than theb hemes, a ratio very close to 1.3 found in solution in the
presence of IHP at pH 7.5~Shibayama et al., 1986b!. The oxygen-
binding curve of a hemoglobin tetramer containinga subunits with
p50 of 91 Torr andb subunits with p50 of 110 Torr exhibits a Hill
coefficient of 0.998 and an average p50 of 100 Torr. Consequently,
the cooperativity of T-state Hb is even lower than that previously
estimated~Bettati et al., 1996; Mozzarelli et al., 1997! and essen-
tially negligible.

It may be argued~Ackers, 1998! that the crystal lattice con-
strains hemoglobin molecules, thus preventing functionally rele-
vant tertiary conformational changes from taking place upon oxygen
uptake within thea-b dimer of the tetramer in solution. The ab-
sence of the influence of allosteric effectors on oxygen affinity
observed in the crystal and the absence of Bohr effect might be
taken as evidence that Hb in the crystal is not a good system to
learn about Hb function in solution. These criticisms would not
only undermine the validity of our approach but also any X-ray
crystallographic studies. In fact, if the crystal lattice forces protein
molecules in conformations different from those present in solu-
tion, 3D structures have little to say on protein function in solution.
Tertiary conformational changes associated to ligand binding have
been detected by X-ray crystallography by comparing the structure
of the unliganded and liganded Hb. These changes involve move-
ments of the iron, the hemes, and amino acid residues. The ob-
served tertiary conformational changes within the T state are along

Table 2. Projections of heme planes used in calculations
of a(Fe21)2b(Ni21)2 crystals

Hemoglobin Subunit sin2 zi a* sin2 zi b sin2 zi c

Deoxya a1 0.947 0.886 0.167
a2 0.999 0.595 0.312
b1 0.972 0.716 0.407
b2 0.999 0.930 0.071

Oxyb a1 0.943 0.904 0.153
a2 0.996 0.576 0.428
b1 0.958 0.757 0.285
b2 0.995 0.939 0.066

Metc a1 0.955 0.897 0.148
a2 0.997 0.541 0.462
b1 0.976 0.665 0.358
b2 0.995 0.923 0.082

aStructure reported in this paper. The submitted atomic coordinates are
in theabc* axis system, so it was necessary to transform the coordinates to
the a*bc axis system before computing the heme normal directions.

bPDB file 1COH~T-statea~FeCO!2b~Co!2 crystallized from PEG~Luisi
& Shibayama, 1989!! oriented in the unit cell of the deoxyHb structure
reported here.

cPDB file 1HGB~T-statea~Fe31!2b~Fe31!2 crystallized from PEG~Lid-
dington et al., 1992!! oriented in the unit cell of the deoxyHb structure
reported here.

Fig. 6. Projection of the iron-containing hemes of thea subunits and the
nickel-containing hemes of theb subunits onto thebc crystal face of the
polarized absorption measurements.
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the structural pathway from the deoxy T to the oxy R~Liddington
et al., 1992; Paoli et al., 1996!. In agreement with the structural
data, the polarization ratio, a parameter very sensitive to heme tilt,
was found to vary from deoxy to oxy and metHb~Rivetti et al.,
1993a!. Furthermore, protein dynamics and function in the crystal
have usually been found to be the same as in solution~Mozzarelli
& Rossi, 1996; Mozzarelli & Bettati, 2000; and references therein!.
An interesting example is the oxygen binding byScapharca inaequi-
valvisHbI, a hemoglobin in which the mechanism of cooperativity
is mainly based on tertiary conformational changes~Royer et al.,
1989, 1990!. It was found thatScapharca inaequivalvisHbI crys-
tals ~Mozzarelli et al., 1996! bind oxygen with the same cooper-
ativity ~Hill n 5 1.4! and affinity ~p505 4.9 Torr! as in solution.

The twoa hemes bind oxygen with slightly different affinities,
as previously observed for the twob hemes~Bettati et al., 1996!.

Structural inequivalence between the twoa hemes in the crystal
may arise from packing of the tetramers in the P21 monoclinic
lattice, which provides structurally nonequivalent environments to
the subunits. In particular, whereas thea1 heme propionate groups
point roughly toward theb1 N-terminal region of a symmetry-
related Hb tetramer, thea2 heme propionates face the distal-site
region of a symmetry-relatedb2 chain. Such molecular packing
differences may account for different kinetics of ligand diffusion to
the a hemes in the crystal, but may also exert some influence on
the structural0dynamic rearrangements of the individuala chains
in their reaction with oxygen. Indeed, different occupancies with
oxygen were observed for the twoa subunits of liganded
a~Fe21O2!2b~Ni21!2 crystals and were attributed to different crys-
tal contacts of thea subunits~Luisi & Shibayama, 1989!. Detailed
inspection of the heme cavities shows that botha hemes are slightly

A B

Fig. 7. Relation between apparent crystal binding curves anda-subunit binding curves fora~Fe21!2b~Ni21!2 crystals.A: Dependence
of the ratio ofa1 anda2 heme affinities on the ratio of p50s observed for light polarized along theb andc crystal axes.B: Hill n values
observed for light polarized parallel to theb ~heavy broken curve! andc ~heavy solid line! crystal axes, and the isotropic average~light
broken curve!, as a function of the ratio ofa1 anda2 heme affinities.

Fig. 8. Dependence of the oxygen affinity on pH. Oxygen binding curves
were determined for crystals suspended in solutions containing 50%~w0v!
PEG 1000, 10 mM potassium phosphate, 1 mM IHP, at different pH values,
158C. The p50 is the mean of the values determined along theb andc axes.

Fig. 9. Dependence of the oxygen affinity on temperature. Oxygen bind-
ing curves were determined for crystals suspended in a solution containing
50% ~w0v! PEG 1000, 10 mM potassium phosphate, 1 mM IHP, pH 7.5.
The values of p50 were determined from experiments using light polarized
along theb ~filled circles! andc ~open circles! axes.
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domed along the CHA-CHC methine-bridge axis. An overlay of
the Ca backbones of botha chains yields an RMSD of 0.30 Å
~calculated over 141 atom pairs!. Inspection of the superimposed
structures in the protein region surrounding the heme group does
not reveal any structural difference between the twoa hemes
within the estimated experimental error.

Finally, the absence of a Bohr effect ina~Fe21!2b~Ni21!2 crys-
tals, and in all other Hbs examined in the crystalline state, is in
keeping with the absence of structural changes of the groups of
both a andb subunits predominantly involved in the Bohr effect
~Perutz, 1970!, as crystallographically documented in the liganded
hybrids ~Luisi & Shibayama, 1989; Luisi et al., 1990! and in all
other liganded Hbs~Arnone et al., 1986; Abraham et al., 1992;
Liddington et al., 1992; Paoli et al., 1996!. Thus, crystallization
stabilizes Hb in the lowest affinity T state where ligand binding
does not lead to salt bridge breakage~Miyazaki et al., 1999!.

Materials and methods

Preparation of crystals

The hemoglobin metal hybrida~Fe21!2b~Ni21!2 was prepared
and purified using a modified version of the method of Shibayama
et al. ~1986a!. Samples were stored at2808C in a CO-saturated
environment. CO was removed by photolysis in a stream of hu-
midified oxygen at 48C. Crystals were grown from a deoxygen-
ated solution containing 24 mg0mL hybrid hemoglobin and 21%
~w0v! PEG 1000~Hampton Research, Riverside, California!, 10 mM
potassium phosphate, 1 mM inositol hexaphosphate~IHP!, 30 mM
sodium dithionite, pH 7, at room temperature. Crystals appeared
after 24–48 h. After growth, crystals were first resuspended twice
in a solution containing 35%~w0v! PEG 1000, 10 mM potassium
phosphate, 1 mM IHP, and 30 mM sodium dithionite at pH 7.5, and
twice in a solution of the same composition but 50%~w0v! PEG
1000. Crystals were stored under anaerobic conditions at 208C. No
crystal damage was observed upon exposure to oxygen.

X-ray diffraction data collection of deoxy
a(Fe21)2b(Ni21)2 crystals

Prior to X-ray exposure a batch of five suitable crystals was re-
moved from the anaerobic storage buffer, and washed twice with
a 50%~w0v! PEG 1000 solution, 10 mM sodium phosphate, con-
taining 30 mM potassium dithionite and 1 mM IHP at pH 7.5. The
crystal selected for data collection was flash frozen under a nitro-
gen gas stream at 100 K and used for X-ray data collection on a
Rigaku R-axis IIc image plate system, using Cu Ka radiation.
Under these experimental conditions, diffraction data to a mini-
mum spacing of 2.1 Å could be collected~see Table 3; evident
crystal decay prevented data collection at room temperature!. Dif-
fraction data reduction was achieved using MOSFLM and pro-
grams from the CCP4 program suite~Bailey, 1994!.

Crystals of a~Fe21!2b~Ni 21!2 are essentially isomorphous
with those obtained by Luisi and Shibayama~1989! for deoxy
a~Fe21!2b~Co21!2 ~PDB entry 1COH! and the carbonmonoxy
adducta~Ni21!2b~FeCO!2 ~PDB entry 1NIH!, grown from am-
monium sulfate solutions. The atomic coordinates of these hybrids
were used as the starting model for the present crystallographic
refinement. Since the unit cell edges ofa~Fe21!2b~Ni21!2 ~this
study! were indexed differently from those of Luisi and Shibayama

~1989! by an interchange of thea and c axes ~see Table 3!, a
preliminary molecular replacement search, run with the program
AmoRe~Bailey, 1994!, allowed proper reorientation of the Hb tet-
ramer ~the correlation coefficient for the molecular replacement
solution was 54.9!. After rigid body refinement of the starting
model, theR-factor was 0.361, in the 15–3.0 Å resolution range
~correlation coefficient 71.2!.

The 3D structure of thea~Fe21!2b~Ni21!2 tetramer was sub-
sequently refined using the REFMAC program for restrained
crystallographic refinement applying a bulk solvent correction~Mur-
shudov et al., 1997!, in conjunction with the molecular graphics
program O~Jones et al., 1991!. The final model, which includes
4,380 protein atoms, four porphyrin groups, 2 Fe21, 2 Ni21, and
266 water molecules, displays ideal stereochemical parameters~see
Table 3!, with a generalR-factor value of 20.0%~Rfree 5 28.0%!,
for the data in the 12.0–2.1 Å resolution range.

Microspectrophotometric measurements

Before measurements, crystals were resuspended six times in a
solution containing 50%~w0v! PEG 1000, 10 mM potassium phos-
phate, 1 mM IHP, at a defined pH, and loaded in a Dvorak–Stotler
flow cell ~Dvorak & Stotler, 1971!, as previously described~Ri-
vetti et al., 1993a!. Single crystal polarized absorption spectra were
determined as a function of oxygen pressure by a system including
a Zeiss MPM03 microspectrophotometer, a gas mixer generator
~Environics, series 200! and an oxygen meter, equipped with a
Clark electrode~Yellow Spring!, calibrated with humidified he-
lium, oxygen, and 5 and 21% oxygen mixtures. The electric vector
of the incident light was parallel to either theb or thec crystal axis.
Fractional saturations of reduced hemes with oxygen and fractions
of oxidized hemes were calculated by fitting the observed spectra
to a linear combination of the spectra of the fully deoxy, oxy, and
oxidized Hb crystals~reference spectra; Fig. 10! ~Rivetti et al.,
1993a!. The spectra of deoxy metal-hybrid Hb crystals were ob-
tained by resuspending crystals in a solution containing 30 mM
dithionite, 10 mM potassium phosphate, 50%~w0v! PEG 1000,

Table 3. Crystallographic data

Space group: monoclinic P21

Unit cell: a 5 55. 7,b 5 81. 4,c 5 63.1 Å, a 5 g 5 908, b 5 97.88
VM 5 2.28 Å30Da ~one Hb tetramer per asymmetric unit!
Resolution range: 22.4–2.1 Å
Independent reflections: 32,068
Completeness: 98%
R-merge : 6%

RMSDs for stereochemical parameters of the refined model

R-factor ~12.0–2.1 Å! 20.0%
Rfree ~5% of the data! 28.0%
Cruickshank DPI 0.28 Å
Ramachandran outliers None
RMSD bond lengths 0.018 Å
RMSD bond angles 0.040 Å
RMSD planar groups 0.046 Å
AverageB-factor

Protein backbone 24.8 Å2

Side chains 45.6 Å2
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pH 7. The same crystal was resuspended in a dithionite-free solu-
tion and, then, in a solution containing 5 mM potassium ferricya-
nide. Upon complete oxidation, evaluated by the increase of the
peak at 630 nm, crystals were resuspended in a solution containing
50% ~w0v! PEG 1000, 10 mM potassium phosphate, 1 mM IHP.
Spectra of the oxidized metal hybrid crystals were collected as a
function of pH. Spectra of fully oxygenated metal-hybrid crystals
were obtained by recording spectra at different oxygen pressures
between 160 and 760 Torr, at 58C, and by extrapolating the series
of spectra to infinite oxygen pressure~Rivetti et al., 1993a!.

Measurements carried out at 208C are affected by a relatively
higher rate of heme oxidation than at lower temperature~8 and 3%
of metHb formation in 300 min, at 20 and 158C, respectively!.
This faster rate of oxidation and the appearance of a new species
absorbing at;550 nm, attributed to a hemichrome, prevented the
determination of a complete binding curve on the same crystal.
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